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A workshop on the pathogenesis of chronic wounds was held at the National Institutes of Health, Bethesda, Maryland, on Janua.ry 11-12, 1993. The conference was chaired by Dr. Vincent Falanga, University of Miami, and co-chaired by Dr. Frederick Grinnell, 
University of Texas Southwestern Medical School, and by Dr. Bar-
bara Gilchrest, Boston University School of Medicine. The other 
speakers and the topics discussed in the workshop were as follows: 
Drs. Vincent Falanga (University of Miami) and James G. 
Krueger (Rockefeller University), Pathogenetic aspects oj chronic 
tVotmds; Drs. Barbara A.Gilchrest (Boston University), and David T. 
Woodley (Northwestern University), Alloget/eic epithelium and graft-
ing; Drs. Martin C. Robson (University of Texas at Galveston), and 
Lillian B. Nanney (Vanderbilt University), GrotVth Jactors; Drs. An-
nette Wysocki (New York University), George R. Martin (Na-
tional Institute of Aging), Rita Frantz (University of Iowa), David 
L. Steed (University of Pittsburgh), and Nancy I. Bergstrom (Uni-
versity of Nebraska), Traditional approaches to healing chronic tVotmds; 
Drs. William H. Eaglstein (University of Miami) and Michael W. 
Mosesson (University of Wisconsin), Fibrinolysis; Drs. Frederick 
Grinnell (University of Texas Southwestern Medical School) and 
Gary R. Grotendorst (University of Miami), Woutldjluid; Drs.John 
C. Ansel (University of Oregon) and Donald G. Payan (University 
of California at San Francisco), Neuropeptides; Drs. J. Frederick 
Woessner (University of Miami) and Elizabeth M. Fini (Harvard 
University), Col/agerJase/tissue inhibitor oj metalloproteinase (TIMP) 
system; Drs. Anita B. Roberts (National Cancer Institute) and 
Thomas A. Mustoe (Northwestern University), Cytokines; Drs. 
Thomas K. Hunt (University of California at San Francisco) and 
Vincent Falanga (University of Miami), Oxygen; Drs. George L. 
King and Frank W. LoGerfo (Harvard University), Metabolism oj 
diabetes; Drs. David T. Woodley (Northwestern University) and 
Gerald S. Lazarus (University of Pennsylvania), Keratinocytes; Drs. 
Jeffrey M. Davidson (Vanderbilt University) and Richard A. Clark 
(State University of New York, Stonybrook), Collage" synthesis and 
fibroplasia; Drs. Jouni J. Uitto Gefferson Medical College) and Car-
olyn C. Compton (Harvard University), Basement membrane; Drs. 
Thomas Maciag (American National Red Cross) and Una S. Ryan 
(Washington University), Angiogenesis. 
The background for the topics discussed during the workshop is 
reviewed in a recent publication [1]. Table I lists the main questions 
that were raised. 
HYPOXIA 
Although molecular oxygen is needed for collagen synthesis and 
many other cellular functions, increasing evidence suggests that 
hypoxia has a stimulatory effect on angiogenesis, fibroblast prolifer-
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Abbreviation: MMP, matrix-degrading metalloproteinase. 
ation, collagen synthesis, and the transcription and secretion of sev-
eral growth factors (transforming growth factor-beta, platelet-de-
rived growth factor, endothelin-l, and vascular endothelial growth 
factor) (reviewed in [2]). Two mechanisms were proposed for upre-
gulated collagen synthesis in hypoxia, one involving increased lac-
tate levels and the other stimulation of collagen production as a 
result of enhanced TGF-beta secretion in low oxygen tension. Oxy-
gen is required for procollagen hydroxylation [3], but hypoxia 
might stimulate the fibrotic response observed in many chronic 
wounds (e.g., the lipodermatosclerosis of venous ulceration), and 
fibrotic tissue may interfere with proper tissue repair. Chronic 
wounds experience periods of hypoxia followed by re-oxygenation. 
After initial hypoxia and then reoxygenation, formation and secre-
tion of procollagen may increase. 
CYTOKINES AND GROWTH FACTORS 
Regulatory peptides are multifunctional molecules with both stim-
ulatory and inhibitory actions depending on the cellular context. 
This point was underscored by the observation that growth factors 
enhance healing in acute experimental wounds in animals more 
than in human trials of chronic wounds. Chronic wounds may lack 
an orderly progression of cytokines, and this may not be remedied 
by the application of single growth factors. An hypothesis for the 
pathogenesis of venous ulceration [4] termed the "trap" hypothesis 
suggests that macromolecules (e.g. , fibrinogen, a-2-macroglobu-
lin) leaking from the vasculature into the dermis as a resu1t of venous 
hypertension bind to or "trap" growth factors and matrix material. 
Application of single growth factors may be ineffective in chronic 
wounds because the "bound" endogenous growth factors would not 
work synergistically and in proper sequence. This possibility is sug-
gested by the observation that grafted epithelial cell cultures do not 
remain in the wound bed but rather stimulate closure of the wound 
from the margins. Cultured keratinocytes of skin-equivalent grafts 
may provide needed growth factors in the appropriate type, amount, 
and sequence [5]. Application of cultured cells to wounds may also 
provide matrix material for cell growth and locomotion and may 
create a temporary microenvironment of properly timed release of 
cytokines and matrix materials. 
KERATINOCYTE MIGRATION 
Keratinocytes in chronic wounds fail to migrate across a well granu-
lating wound bed while at the same time the wound's edges show a 
hyperplastic epithelium. Blocking exaggerated keratinocyte prolif-
eration at the wound's margins, for example with transforming 
growth factor-beta, might facilitate healing. Characterization of 
the wound bed is necessary. For example, failure ofkeratinocytes to 
migrate on laminin suggests that proper matrix proteins may be 
necessary for cell movement and healing [6] . A greater understand-
ing of integrins and of the way locomotion factors work is neces-
sary. Tertiary structure of the matrix may be important. For exam-
ple, specific domains of fibronectin are essential to keratinocyte 
locomotion, particularly a 140-160-kd cell-binding domain. Pre-
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Table I. Chronic Wounds and Their Failure to Heal: Some 
Research Areas that Are Worthy of Further Investigation 
Areas of Investigation 
Oxygen lactate 
Fibrosis 
Keratinocyte migration 
Metalloproteinases (MMPs) 
Fibrin 
Metabolic abnormalities 
N europeptides 
Growth factors 
Questions that Need to be Addressed 
Their role in the stimulation of 
extracellular matrix and in the 
fibrotic reaction observed in some 
chronic wounds. 
Does fibrosis interfere with wound 
repair, and what are the 
mechanisms involved? 
Failure of keratinocytes to migrate 
across chronic wounds. \Vhat are 
the missing or improper signals in 
chronic wounds: matrix, cytokines, 
keratinocyte phenotype? 
Their source, activation, and role in 
chronic wounds, both from the 
standpoint of extracellular matrix 
formation and keratinocyte 
migration. 
Its formation and breakdown as 
signals for wound repair in chronic 
wounds. What is the nature of 
fibrin in chronic wounds? 
Effects of excess glucose, sorbitol on 
cellular metabolism in the context 
of wound repair. 
Their role in chronic wounds. What 
are their effects on tissue repair 
processes? 
Are they being "trapped" by the 
macromolecules present in chronic 
wounds? Are they released by 
cultured cells applied to chronic 
wounds? 
liminary data suggest that a growth-activated epidermis (regenera-
tive maturation) is present in non-healing ulcers [7] and is charac-
terized by overexpression of transforming growth factor-a and 
epidermal growth factor receptors. This apparent activation ofker-
atinocytes in the absence of migration at the edges of chronic 
wounds is not understood. It remains unclear whether the defect 
underlying the failure of chronic wounds to [eepithelialize resides 
in the keratinocytes, lack of signals necessary for their Inovement, or 
the chronic wound bed itself. Phenotype and collagenase activity of 
keratinocytes in chronic wounds have yet to be addressed experi-
mentally. 
THE CHRONIC WOUND ENVIRONMENT 
Chronic wounds may be deficient in growth factors or may produce 
a microenvironment hostile to repair. For example, chronic wound 
fluid has been shown to decrease the proliferation of fibroblasts, 
endothelial cells, and keratinocytes, whereas acute wound fluid 
stimulates their growth [8]. Wound fluid from venous ulcers con-
tain activated collagenases and degraded fibronectin and vitronectin 
and has been shown to decrease cell adhesion [9]. Wound fluid, 
although complex and difficult to characterize, requires study. It 
appears that several types of activated coJlagenases are present in 
wounds. Mastectomy fluid has matrix-degrading metaJloprotein-
ases (MMP)-2 and MMP-9 activity, and activated enzymes are usu-
ally not found in these acute wounds, but activated MMP-2 and 
MMP-9 are a characteristic finding in chronic wound fluid . 
FORMATION AND REMOVAL OF FIBRIN 
Although fibrin accumulating in acute wounds is removed within 
days, it persists in chronic wounds, because fibrin is capable of form-
ing less readily degraded complexes. Physiologic alpha polymers are 
formed in minutes or hours, but higher-order cross-linked gamma 
(10) trimers, tetramers, pen tamers, and hexamers Inay form in path-
ologic conditions; undegraded fibrin in wounds [l1] has not been 
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studied. Other molecules bound to fibrin, notably fibronectin , may 
facilitate binding of growth factors, as suggested by the trap hy-
pothesis discussed above [4]. Products formed during formation of 
fibrin may downregulate collagen synthesis. 
MMPS 
MMPs are pro enzymes requiring activation (reviewed in [12]); at 
least ten such enzymes are secreted as zymogens. The three broad 
classes of MMP, collagenases, gelatinases, and stromelysins, are sin-
gle-chain proteins whose production is stimulated by soluble factors 
including interleukin 1 but also by extracellular matrix proteins. 
They are able to bind zinc at a conserved sequence (HEXGH), are 
stabilized by calcium, and are inhibited by various chelators such as 
tissue inhibitor of metalloproteinase, which inhibits several mem-
bers of the MMP family. Other enzymes and proteases including 
urokinase play an important role in matrix degradation and in facili· 
tating cellular migration. Urokinase also enhances the synthesis of 
plasminogen, which then activates plasmin. Keratinocytes are stim-
ulated to produce coJlagenase at the margin of the wound by type I 
collagen but not by basement membrane collagen (13]. CoJlagen-
ases probably playa major tole in tisslle remodeling after acute tissue 
injury and repair [14]. The workshop underscored our lack of 
knowledge of the role of collagenases in chronic wounds. 
METABOLIC ABNORMALITIES 
Surprisingly little is known about how the various abnormalities 
found in diabetes , including endothelial and metabolic defects, af-
fect wound repair. Hyperglycemia may directly impair neutrophil 
phagocytic activity, perhaps through defects due to sorbitol. protein 
kinase, glycosylation, and redox potential. The cOl1Sequences of 
metabolic abnormalities on extracellular matrix formation, kerati-
nocyte migration, and endothelial cell biology in wounds require 
study [1]. Similarly, loss of neuropeptide homeostasis in chronic 
wounds has received little attention but may be relevant to diabetes, 
decubitus ulcers, and ulcers developing after spinal cord injury. Evi-
dence that denervation impairs cutaneous microvascular function 
and wound healing [15] needs confirmation. An intact neurosensory 
system is essential to the inflammatory response. For example, stim-
ulation of the peripheral nerves or the i~ection of neuropeptides 
leads to a local inflammatory response. Upon stimulation, C fibers 
lead to the release of chemical mediators with resultant vascular 
permeability and edema (16]. Many such mediators have been iden-
tified, including substance P, neurokinins A and K, and calcitonin 
gene-related peptide, which are under the control of neutralneuro-
peptidases and angiotensin-converting enzyme. The dermis has C-
fibers near blood vessels. and lymphocytes have receptors for these 
neurokinins. Moreover, neuropeptides can stimulate macrophages 
to secrete variolls cytokines and induce mast cell degranulation and 
release of histamine and serotonin. Three functional neurokinin 
receptors, neurokinin 1,2, and 3, bind preferentially with substance 
P,K. and neurokinin B. Neuropeptidase level and activity deter-
mines the effects of neurokinins . Most neuropeptides are short-
lived, cannot be found in the circulation. and probably act in au 
autocrine or paracrine fashion. 
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